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SUMMARY

An analysiswas made of the effectat designconditionof inlet
hub-tip-radiusratioand mass flowyer unitfrontalarea on the
allowablerotor-tipspeed$pressureratio$and powerinputper unit
frontalarea0of multistageaxial-flowcompressorsemployingapproxi-
matelysymmetricalvelocitydiagramsat all radii,constanttotal
enthalpyalongthe radius>a ~ximum Machnumberof 0.8 for all “
stages>and a prescribedempiricalturninglimitation.The analysis
coversinlethub-tip-radiusratiosof 0.6,0.5jand 0.4,the prac-
ticalrangeof designspecificmass flowsfor each>and the nuniber .
of stagessufficientto givean exit
0.9.

The ana~sis indicatedthatfor
ratiothe designrotor speedand the
with increasingdesi~ mass flowper
bum pressureratio=a rotor speed3

hub-tipratioof a~proxinm,tely

any giveninlethub-tip-radius
pressureratioper stagedecrease
tit frontal.area. The max-
detmmined by the Mmiamm

allowablevalueof the axialvelocitybehindthe first-stagerotor$
decreasewith decreasingMet hub-tiy-radiusratio. The power
inputper stageper unitfrontalareawas fairlyconstantoverthe
practicalrangeof desi~ mass flow per unit frontalareaand
variedonly slightlywith inlethub-tip-radiusratio.

When limitedby an exithub-tip-radiusratioof O.9 end a
constantmaximumMachnumberof 0.8 for all stages>the over-all
pressureratio>powerinputper unitf%ontalarea2=a mass flow
per unit frontalarea increasedwith decreasinginlethub-tip-radius
ratioovermost of the range. For sevenstagesand the sameimi-
tations,the maximumvaluesof specificmass flow,total-pressure
ratio>end specificpowertiputwere reachedat an Met hub-tip
ratioof about0.4 and were 31.3poundsper secondper squarefoot,.
5.9t and 4180horsepowerper squarefoot,respectively.
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INTRODUCTION -

Littleinformationis availablein cm?rentliteratureon
the variationof the design(mzdmuraallowahle)rotor-tipspeed$
pressme ratio,and powerinputper unitfrontalarea of multi-
stageaxial-flowcompressorswith the designmss flow per unit
frontalareaand the met hub-tipradiusratio. A theoreti-
tivesti~tionwas conductedat the NACA Lewislaboratoryin order
to obtaintheserelationsfor compressorsdesignedwith: (1) con-
stantwork inputto the rotoralongthe radius;(2) velocitydis-

‘ tributio& givingapproxbatelysymmetricalvelocity-diagramsat
- al.lradii;(3) a rotor speedthat givesa maximwnklachnumberof
0.8 in the firststage;(4) a variablehub radiusto @ve a max-
imum inletMachnmber of 0.8 for all succeedingstages;and.(5) a
turningI.imitationbasedon HoweXI’swork (reference1) with a
blade solidityof 1.5 at the hub for all stages. The compressibility
effectwas considered}but the effectof the curvatureof stream-
lines,causedby radialfluw2was neglectedti the computationof
radialvariationof the stateof the air. Calculationswere made
for inlethub-tip-racUusratiosof 0.6$ 0.5$end 0.4 overthe
practicalrangeof desi~ mass flow for eachratio. The nmiber
of stagesusedfor eachdesi~ was limitedto that givingan exit
hub-tip-radiusratio of appro~tely 0.9.

All valuesgivenin thisreportare designvaluesbased on the
chosenmaximumallowableMch numberand turningof the air. The
valuesof rotor-tipspeed>inlet-airvelocity~mass flow>and power
inputare equivalentvalues;that is> valuescorrectedto NAOA
s~a sea-levelipletconaitioxmoEquivalentmass flow and
equivalentpowerinputper unitfrontalarea are hereinafterreferred
to as “specificmass flow”=a “specificpower input2’’.respectively0
The hub-tip-radiusratiois hereinafterreferredto as the “hub-tip
ratioe“

AIthOUgh the examples considered =e for specific*ch n~ber
and teg-limitationij the trendof the designperformance
_ met hub-tipratioand specificmass flow dmla be
samefor any similarspecifiedlimitationon Mach nuder and

with
the ~

turning.
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SYMBOIS

The followingsydols are used in thisreport:

snnulusSrea

frontalarea

velocityof sO~a

total elmlalpy

staticenthalpy

relativeMachnumberat inletto blade

totalpressure

staticpressure

averagestaticpressure

radialcoordinate

rotor speed

absolutevelocityof air
●

velocityof air relativeto rotorblades

mass flowper second

axial cOOramtO

ratio of inlet-air total. pressureto NACA standardsea-level
pressure

ratio of inlet-airtotal.teqerature to NACA Stitia sea-
leveltemperature .

I&de elementsolidity

angularvelocityof rotor

*

..
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Subscripts:

1

2

e

h

i

r

t

z

e

station

station

(Seefig. 1 for stationnotationand

upstreamof firstrotor

upstreamof firststatorand so forth

exit stationdownstreamof last stator

hub

inletstationupstreamof inletguide”vane

radial.component

tip

axialcomponent

tangentialcomponent

DESIGNCRITERIONS

NACA TN 2068

coordinatesystem.)

The followingdesi~ criterionsare adoptedfor thisdsis:

Velocitydiagram - The velocitydiagra&chosenis one that
zlvesa constantwor~ inputto the rotoralmg theradiusand en
approximatelysymmeixicaivelocityaiagramat all raaite The

aeviation of the velocitydiagramfrom exactsymmeb?yis due to”
the changein axialvelocityacrossthe blaaeand to tieradial
displacementof streamlines(reference). Previouscalc*tions
(references2 =a 3) showthatthis type of velocityaia- gives
sigdficautlyhighervaluesof specificmass flow>pressurerise,
and aesignrotor-tipspeeilthanaoes the usualvortextypefor the
sameaesigalhitations.

MaximumMachnmiber.- The maximm Machnmiberof the afi flow
relativeto the blaaewas chosento be 0.8 for all.stages. This
valuegivesa highpressurerise throughall stagesana$ accoraing
to unpublisheddata obtatieaat the NACA LangleyantiLewislabo-
ratories>shouldnot resultin au appreciableloss in efficiency.

.

,

.
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Max.tamluturning . - Informationregardingthe amountof turning
the air can efficientlyundergofor variousdesignconditionsis
relativelyunavailable.The formulasuggestedby Howellin refer-
ence 1 is on the conservativesideand is convenientt~ use. Because
the turningis largestat the hub for the presenttype of design,and
the axialvelocityat the hub at the entranceto the rotor is always
lowerthan thatat the entwauceto the stator$it was assumedthatj
in general,the criticalconditionexistsat the hub of the rotor$
and the turninglimitationwas appliedthere. Becauseor the chauge
tnaxial velocityacrossthe bldej Eowellisformulawas modified
to the fo310w5ngform (wh%chreducesto his formulawhen the axial
velocity V’z’is constant):

(1)

sOI.iaity. - The solidity at the hub for all stageswas
chosentobe le5e The efficiencytendsto drop if the soliaity
is too high,but unpublisheddata obtainedat theNACA Iangl.ey
Mboratoryindicatethathipjhefficiencycanbe obtainedwith
a sOliaity of 1.5.

.Tipradius..- The tip radiuswas he~ constantfor all stages
in orderto keep the over-alldiameterof the compressorthe same
as thatof the inletstage.

Hub radius.- The hub radiuswas kept constantacrossthe
inletguidevanesand firstrotorrcw$ ma at subsequentstations
was increasedalongthe axis in sucha manneras to givea max-
imumklachnumberof 0.8 for all stages. The percentagerise
in hut radiuswas the sameacrossa statcmrcwad the following
rotorrow.

Polytl?epicefficiency.-A polytrdpicefficiencyof 0.9 was
assumeda% themesn radius.

Mass-flowrange.- For conveniencethe parameterused to
- tie desia~ss flww=s te.kenasthe ratio \~~$h/~tat
the inletto the firstrotor. For eachhub-tipratio$this
velocityratiowas variedin incrementsof O.l; the minhmsm
valuewas chosenso as to avoidexcessivelylow axialvelocities
at the tip followingthe firstrotorrov$ and the maximumvalue
was extendedto 1.03at whichpointthe pressureratiohad dropped
excessivelyand the use of a lowerhub-tipratiowouldbe prefer-
able if a higherspecificuass flowwere required.
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Numberof stages.- The mmiberof stagesusedfor each case
was limited%0 thattivizuzthe exithub-tipratioof the last
rotorclosestto 0.9; It-wasthen specifi&l
turnedin the axial.directionthroughone or
deyendingon whetherthe turningin a single
abovethe turninglimitation.

that the flow
two,stators>
row was below

he

or

METHODOF CAICUIATION

For this investigation,it was desirableto covera wide
rangeof designspecificm& flowsend Met hub-tipratios.
Onlythe over-allperformanceparameterssuchas designrotor-
tip speed>pressureratio,end powerinputwere” considered;the
detailsof the flow in the compressorrequiredfor accurateblade
designwerenot considered..A ~thOa of computationcalbl the
simplifiesradial-equilibrimncalculation(reference2) was there-
fore used. The effectof stresmlJnecurvaturecausedby the radial
motionof the air was neglectedin the computationof the radial
variationof the stateof the air. M detemintig the tangential
componentof air velocitydownstreamof a rotorfor constantwork
inputalongthe radius$the air yarticlewas asswdi to takethe
samerelhtivepositionas upstreamof the rotor.

.

The calculationsthen involveila station-to-stationcomputation>
startingfrom the stationupstreamof the firstrotor,with all.
quantitiesexpressedb dimensionlessratios. For eachinlethub-
tip ratio>calculationsweremade for threeto five selectedvalues
of the velocityratio Vz)l$h/Ut rangingfrom 0.6 to 1.0. ~ order
to avoida very low ~al. velocityenteringat the tip of the stator>
the ~um allowablevelocityratiofor this typeof desi~ is
approdmtely 096.

For eachinlethub-tipratio=d Velocityratio Vz)ljh/Ut

used}the radialdistiilmtionsof Vz$l/Ut =a Ve,#Jt w-
firstdeteminea by equations(D13)ana (E6)$ respectively,of
reference2. m thistype of design,with tie simplifiedmethod
of coqutation>the maxima Machnumberin the stageoccursat
the hub at the entranceto the statorblade;that is2 at station2.
A tentativerelatiTeMachnumberthereforehad to be assumed
enteringat the hub of the precedingrotorblade;thatis, at
station1. The distributionof tigential velocityat station2
was thendeterminesby equaticm(E6) of reference2, the total
enthalpyat station2 by equation(18a)of reference22 the axial
velocityat the hub at station2 by the SpecifiesVdU6 of M23h .

.
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equalto 0.8,and the distributionof
by equation(E8)of reference2. The
was then integratedand comparedwith

7

axialvelocityat Bta%la 2
totalmss flowat station2
thatat station10 This com-

yutationwasrepeatedtiti variousIfachnmibersat station1 until
the integratedmass flowsat staticms1 snd 2 agreedwitlxin1 per-
cent. With the correctvalueof the Machnumberat station1 thus
determined,the totalenthalpyat the inlet,the desi~ rotor-tip
speed$and the Wet mass flowwere obtatiedin termsof standard
inlettemperatureand pressure.

The computationsfor the succeediq sta’geswere shnilarto
that for the firststageexceptthat the variablein the corn-’
putationwas the increasein hub radiusacrossthe bladerather
than them.ximumMachnuml)errelativeto the rotorblade. For
simplicity it was assumedthatthe percentageincreasein hub
radiuswas the samefor the stator-and the followingrotor-blade
rows● The correctvalueof this increasein hub radiuswas the
one that gavethe maximumMach nuniberof O.8 within1 percent
at the entranceto the stitor-bladerow. Becauseof the hub rise$
a changein tangentialvelocitysmallerthen that givenby equation
(1) was assignedat the hub of the rotorblades. The valueof the
changein tangentialvelocitywas obtainedby the conditionthat
the changein totalenthalpywas the sameas in the case of no hub
rise; that isj

‘4jh“,4,h - r3,h‘e~3jh= 1.55

or

‘4 h
‘- ‘6,4,h

1.55 ~- Ve,3,h= —
. ‘3,h

1 + * 2’3”
(2)

This computationwas repeated
finalhub-tipratiowas aboutO.9,
maxinumpracticalvalue.

in succeedingstagesuntilthe
which is consideredto be the

Calculationswere alsomade for the inletand exit guidevaues$
usinga constanthub diameterthrougheachi

The detailsof the dhOa of calculatingthe flow ma the
derivationof the equationsinvolvedare givenh reference2.

.
,
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RESULTSOF CAICUL!M?IONSAND DISCUSSION

Resultsof the calculationsare presentedin termsof equiva-
lentvalues;that is, the valuescorrespond,toNACA sa~a sea-
levelinletconaiti=s. The calculationscovera rangeof mass
flowsfor inlethuh-tipratiosof”0.6> 0.5s~ O●4q me ratio Of
O.4 is lowerthsnthe valuegenerallyuses,but a aecreasein hub-
iiipratioMom 0.5 to 0.4 resultsin a gain of about12 percentin
specificmassflow (massflowper unit frontal area$ fige 2) corre-
spondingto the increasein annulusarea.- The mass fluwper unit
annulusarea for the range c~siderea (fig.2) variesfrom 69 per-
centto 87 ~ercentof the theoretical.maximumvalueof 49.4poumls
per secmd per squarefoot.

The variationof rotor-tipspeedwith specificmass”flowfor
the threeinlethub-tipratiosis shownin figure3. ‘Foreach inlet
hub-tipratio,the aesi~ Speeaaecreaseswith increasingspecific
mass fluw~ The aecreaseoccursbecause,at higherMss flows$the
ratioof air velocityto rotor-tipspeeilis higher=a therefore,
for the - Machnmber limitation,the rotor-tipspeeahas to be
lower. The lowerrotor-tipspecxl.till,of course,givea lower
pressurerise in all stages. Figure3 also showsthatat a given
rotorspeea~the specific=ss flow increaseswith ilecreasinginlet
hub-tipratio. The crosslineat the top of the curvesindicates
the luwerlimitof aesiguspecificmass flowbelowwhichan
excessivelyluw valueof the axialvelocityat the tip behindthe
firstrotorwouldoccur. Becauseof thislimit,the maximumvalue .
of iiesignrotor-tipspeedaecreasesfrom 1040to 960 feetper sec-
ondwhen the inlethub-tipratioclecreasesfromoO.6 to 0.4.

The variationof hub-tipratiosat variousstationswith the
specificmassflow for the threeiulethub-tipratiosis shownti
figure4. In general,for a giveninlethub-tipratio,the
requirerlintieasein hub raaiusper stageis lessfor highermass
flow;hence$a&3ititi stagesmaybe adciedas the mass flow is
ticreaseilbeforethe assignedlimitingvalueof the exithub-tip
ratioof 0.9 is reachea- Also, the lowerthe inlethub-tipratio,
the greateris the numberof stagespermitted.

The ratiosof totil=a staticpressur8sto the inlettotal
pressure,averagedoverthe annulusareaafterthe successiveblale
rows,are givenin figures5 and 6, respectively.The curvesof
eachfigureare very similarin Shape$but the valuefor the
static-pressureratio-islowerthan thatfor the total-pressure
ratioat the samestation. For any givennmber of stagesb which
the limitinghub-tipratiois not reachea,the hi@est pressure
ratiois obtatietlwith the lrl+jhestmet hub-tipratioana the

.

.
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lowest specific mass flow. The increase in pressure-ratiotith a
decreasein specificmass fluw is due to the increasein the
allowablerotor-tipspeed Ut with the decreasein specificmass .
flow. The increasein the maximumpressureratiowith ticreastig ~
inlethub-tipratio is due to the increasein rotor-hubspeed %.

The increasein rotor-hub’spe6dresultsfrom an increasein the &-
imumallowablerotod-tipspeed”(fig. 3) and froiathe highervalue
of ~~t due to the higherhub-tipratio.

The m3* over-all.pressureratio,as limitedby”the exit
hti-tipratio of 0.9, is shownby the crossedlineson the curves
of figure5. For a givenMet hub-tipratio,the maximum
allowableover-allpressureratio can usuallybe increasedby
increasingthe nuiberof stages,providedthe specificmass flow
is also increasedby a suitableamouutto preventexceedingthe
allowableexithub-tipratio. When the inlethub-tipratio
varies,the relationbetweenthe maximumover-allpressureratio
and the specificnmss flow fo310wsthe sametrendas when the
tnlethub=tipratiois con&tant,but the p??acticalrangeof
specificmass flow is exbendede

The desigucriterionschosengivehigh over-allpressure
ratioswith a smallnumberof stages,whichnot onlyreducesthe
axial length,the weight,’and the cost of themachine,but also
shortensthe timerequiredin design,development,and manufac-
ture.

The variation of specific power input to the rotors with

specific mass flow end inlet hub-tip ratio is shown. in figure7.
At a @ven inlethub-tipratio,the decreasingtotal-pressure
rise with increasingspecificmass flow (fig.5) givesa max-
imumpracticalvalueof specificpower inputto the whole com-
pressora littlehi@er than thatat the lowestallowablespecific
mass flow(fig.3). For a givennuniberof stages,the specific
-powerinputis aboutthe samefor the threedifferentinlethub-
tip ratios- a resultof the ~er total-pressurerise connected
with higherspecificmass fluw.

A comparisonof the characteristicsof sevencompressors,@th
en exithub-tipratio of 0.9, obtainedfrom figures”2 to 7, is
presentedin the followingtable: .

.

. .
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T
Compres- Inlet
sor hub-

ti~
‘ratio

1 0.6
2 .6
3 .6
4 .5
5 .5
6 .4
7 .4

-.-. —

—-----

~~ecificRotor-
Ulassflow tip
[1%/(see)speed
(SQft)) (ft/see)

Specific
qower “
input
(hp/sqft)

23.2
26.2
28;1
27.3
30.5
31.3
33.9

970
800
655
932
784
886
768

2460
3015
3300
3290
3940
4180
4710

huiher

of
rtages

5
6
7
6
7
7
8

,

)yer-all
total-
?ressure
ratio

4.44
4.87
5.02
5.24
5.67
5.92
6.31

werage
;ot21-

messure

ratio
per

stage

1.35
1.30
1.25
1.32
1.28
1.29
1.26

For a givennuuiberof stages,the rotor-tiyspeed,the specific
mass flow,,thespecificpowerinput,and the over-allpressureratio
increasewith decreasinginlethub-tipratioovermost of the range
(fig.8). For sevenstages,the specificmass flow,the specific
powerinput,and the over-al-l-pressureratio seemto have reached
theirmaximumvaluesat an inlethub-tipratioof about0.4. For
eightstages,the optimumconditionprobablyoccursat a still
lowerhub-tipratio. For a giveninlethub-tipratio,the rotor-
tip speeddecreaseswith an increasingnwiberof stages;whereas
the specificmass flow,the over-allpressureratio,and the spe-
cificpowerinputincrease.

In additionto deteminm“ g the trendof the designperformance
of multistageaxial-flowcompressors,the resultsobtainedmay also
be usedto giveprel~rn$narydesignWozmation. For a givenpres-
sureratio>severalpossibledesigusmay be obtainedfromfigures5
and 8$ eachinvolvinga set of inletand exithub+ip ratios,
designrotor-tipspeed,designmass flow per unitfrontalarea,=a
powerinputper unit frontalarea. The choicewilJ-dependupon
whetherthe emphasisis on the smallestfrontalarea or on the
shortestaxiallengthof the compressor.If a higherover-all .
pressureratiothan thoseconsideredis aesiredin a singleunit,
the maximwnllachntmibermay be reducedin the laterstagesto pre-
vent excessivehub-tipratios,Wereby usingmore stageswith a
resultan%reductionin pressureratioper stagefor thesestages.

In orderto illustratethe flow characteristicsof the type
of designemployedin this investigationthe hub shapeof a
typicalmultistagecompressorwith co~respond~gvelocitydia~= .
at the hub, the mean radius,and the tip,and the variationsof
velocities,Nhch nmibers,staticpressures,and s~tic enWpies

.

.

.
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throughoutthe compressor,.as determinedby the simplifiedmethod,
are shownin figures9, 10, and Xl.and brieflydiscussedin the
appendix. For an actualdetaileddesign,it is recommendedthat
more accuratemethodsof flow calculationbe used.

EKIMMN3YOFRESUDTS

I Froman enalysisbasedon a designenq?loyingsymme&ical
velocitydiagrams,constanttotalenthalpyalongthe radius,and
a set of chosendesignvalues,the followingresultswere obtained
regardingthe desiguperformanceof axial-flowmultistagecompressors:

1. For a giveninlethub-tipratio,the desigarotor-tipspeed
decreasedratherrapidlywith increasingdesigmmass flow per unit
frontalarea. The maxhmmvalue of desi~ rotor-tipspeedslightly
decreasedwith decreasinginlethub-tipratio. At a givenrotor.
tiy speed,themass flow per unitfrontalereawas greaterat the
lowerinlethub-tipratio. “

2. At a giveninlethub-tipratio,the pressureratioper stage
decreasedwith increasingdesignmass flow per unitfrontalarea.
The maximumvalueof pressureratio_perstagedecreaseawith
decreasinginlethub-tipratio.

3. The powerinputper stageper unitfrontalsreawas fairly
constantovermost of the rangeof mass flow consideredend dropped
off at the maximummass flow. The maximumvalueper stagefor differ-
ent inlethub-tipratioswas neerlythe same.

4. With the limitationsof an exithub-tip&atio of 0.9 end a
constantmaximumMach numberof 0.8 for all stages:

(a) The numberof stagesthat can be used ticreasedwith
increasingdesignmass flowper unitfrontalarea end decreasing
inlethub-tipratio.

(b) For a givennuniberof stages,the designmass flowper
unitfrontalarea,the rotor-tipspeed,the over-allpressure
ratio,end the powerinputper unitfrontalarea increasedwith
decreasinginlethub-tipratioovermost of the range. For seven
stages,maximummass flow,powerinput,and pressureratiowere
reachedat a hub-tipratioof about0.4 and were 31.3,poundsper
secondper square foot,4180horsepowerper’squarefoot,and 5.9,
respectively.

.
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(c) For
frontalsrea
all pressure

,
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a givenNet hub-tipratio,as the mass flow yer unit
,,

increased>the rotor-tipspeeddecreasedbut tie over- .
ratioiucreasedbecausethenumberof s%ageswas

increased.Inasmuchas the over-allpressureratioend the mass
flowwere both increased,the powerinputper unit frontalareawas
also increased.

All theseresultswere obtainedon the basisof maximwnyower
inputper stagecorrespondingto a constantmaximumMachnumberof
0.8 for all stages. Higherover-a3J-pressureratiosmay be obtained
.byreducingthe Mach nuder in the laterstages,there%yusingmore
stageswith a resultantreductionin pressureratioper stagefor
thesestages.

. .
LewisFlightPropulsionLaboratory,

NationalAdvisoryCommitteefor Aeronautics,
Cleveland,Ohio,August17, 1949.

.

.

.“

—. ..—

.



NACA TN 2068 13

.

FLOW CONDITIONSTHROUGH

HUB-TIPRATIOOF 0.5

APPENDIX

TYPICALCOMPRESSORDESIGNWITH INLET

AND MASS FIAW OF 30.1POUNDSPER

SECONDPER SQUAREFOOT OF FRONTALAREA

The hub shapeor a -typicalmultistagecoqressorwith inlet
hub-tipratioof 0.5 and specificmass flow of 30.1qoundsper
secondper squarefoot is shownin figure9. The figurewas tiawn
for a constantR ynoldsnumberjbased on the axiallengthof the

8bladejof 8 x 10 at sea levelor 2 x 105 at an altitudeof
35$000feet. In the drawtngjthe tip radiusis takenas 1 foot.
The &she& line givesthe hub shapedirectlyobtainedfrom the
calculationand showsshez’pbreaksin the slope. A suggestea
fairingfor practicalaesignis sho~mby the solidcurve. For an
actualaesign~of coursejit wouldbe desirableto repeatthe flow
calculationswith themodifiescontour.

The velocityaiagrameat the hub$ the mean radius$and the
tip of the typicalmultistagecompressorare shownb figure10.
They me not exactlysymmetricalin the usual sensebecauseof
the changein axialvelocityend the radialdisplacementsof the
streamltiesacrossthe blade. The desigacriterionacloptedfor
maximumturning at the”hubof the rotorgivesreasonableflow con-
ditionsat all stationsexceptat the tip of the firstrotor$where
a largereductionin relativevelocityoccursbecauseof the large
reductionin axialvelocity. The relativeinletMachnumherjhow-
everjis low at the tip snd themore accuratecalculationswhich
incluaesthe effectof the curvaturecausedby the &adi.almotion,
tenasto reducethis changeIn axialvelocity(reference2) anti
consequentlyimprovesthe conditioaat thatpoint. For a low inlet
hub-tipratioana for a low mass flow$it is recommencedthat the
flow overthe tip of the firstrotorbe takenintoaccountmore
carefullyby reducingthe turningover the firstrotoror by aading
more work towezdthe tip thanat the hub> therebyincreasingthe
axialvelocityat the exit of the rotor tip.

In the designcriterionschosenjthemaximumMachnuniber
occurringat the entranceto the station’atthe hub is limitedto
0.8 for all stagesjana a constantpercentageincreasein hub railius
is assumedfor a statorand the followingrotor. This criterion
givesthe relative~ch numberat the inletto the Made (fig.Xl(a)).
The maximumrelativeMachnwi’erat the inletto the rotorscouldbe
increaseilto 0.8 if a greaterhub increasewere takenthroughthe
statorrowjwhichis not done in the presentcalculationsbecause
of the additional.timerequiredand becausethe additionalsharp .
breaksin-thehub shapewouldbe undesirable.

. . . ... -—.. . .... . . . . . ..-— -. .—.- — ..... . . . _ .__... —.-,—.—.____ ._—. __________ .——____._ -. .__.



14 NACA TN 2068 .

The velocitiesrelativeto the stators are shownin figure11(’b);
the velocitiesrelativeto the rotor,in figureI.l(c);the axial
.componentof the velocities,in figure~(d); end the absolutetan-
gentialcomponentof velocities,in figureXl(e).

For %oth absoluteand relativevelocities,the variationwith
radius(fig.n(%) and H(c)) is-largerat stationsfollowingthe
rotorthanat stationsfollowingthe stator. Thisvariationis the
resultof largevariationin axialvelocityat stations following
the rotor(fig.n(d)), which is characteristicof thistype of
design. A more accuratecalculationthat includesthe effectof
streamlinecurvaturecausedby the radialmotionwoulddecreasethis
vsriaticminstationsfollowingthe rotor=a increase the variation
in stationsfo13.owingthe stator(reference2).

The tangentialcomponentof &bsolutevelocities(fig.I.l(e))
generallyincreaseswith radius,and the sum of the velocities
entering=a leavinga rotorapproximatelyequalstilerotorspeed.
The deviationis causedby the radialdisph”cementof the
streamlines.

The absolutevelocityenteringthe statorsis increasedh
successivestagesin orderto maintainthe constantMach number
at the hub with the increasingair temperaturein successivestages.
This increaseis achievedyrimsrilythroughthe increasein axial
components.The variationof absolutevelocityenteringsuccessive
rotorsis deterndnedby the specifiedtaperof the hub acrossthe
stages8..naincreasesin successivestagesexceptfrom station1 to 3}
becausethereis no taperacrossthe firstrotor. This progressively
higheraxialvelocityentertig the rotors gives progressivelylarger
changesi.ntangentialvelocitiesacrosssuccessiverotors,as cal-
culatedfrom equation(l).

The static-pressureratioacrosssuccessivestagesalongthe
assumedstreamlinesis plottedagainstthe enteringradiusin fig-
ure n(f). The pressureratiosare verynear= constantwi.th
respectto the radius.

.

.

The increasein staticenthalpy throughout the compressor is

shown i.nfigure n(g); the variation with radius is sW. The

unit uses here for static enthalpy is square feet per second. per

secorid; in order to express this unit in Mu per pound, the value

shouldbe divicledby 778.x32.2.

.

.
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